primarily utilized to design backscattering-immune waveguides. While conventional approaches use defects to guide waves, a considerably more sophisticated and robust approach was recently developed based on topological edge states. In this paper, we propose a radically different theoretical framework based on extremely anisotropic metamaterials for engineering backscatteringimmune waveguides. We theoretically derived the exact condition for one-way wave propagation in zigzag paths, and identified a number of key advantages of the current design over topologically protected waveguides. While the theoretical underpinning is universal and is applicable to acoustic and electromagnetic waves, the experimental validation was conducted using spoof surface acoustic waves.
and lead to applications in on-chip devices and noise control.
Routing and guiding acoustic waves without energy loss is a central topic in both fundamental and applied research of wave manipulation [1] [2] [3] [4] [5] [6] [7] [8] [9] . To achieve highly efficient routing of acoustic waves around sharp corners, the issue of acoustic energy loss due to intrinsic backscattering at the interface must be addressed. Utilizing linear defects in sonic crystals (SCs) to guide acoustic waves around sharp corners was first proposed by M. Torres et. al 10 . This design was later optimized by A. Khelif et. al 1 to obtain fulltransmission guided waves by harnessing line defects. Alternatively, acoustic metamaterials (AMMs) can give rise to robust wave guiding by leveraging transformation acoustics or near-zero-density [8] [9] . However, these methods are generally limited to a very narrow operating bandwidth or certain bending angles (usually 90  for defect-based methods). Recently, the field of robust acoustic wave guiding has enjoyed a strong revival, propelled mainly by the advent of nontrivial topological edge states discovered in SCs. A flurry of activity has been devoted to engineering topologically protected waveguides for backscattering-immune one-way acoustic propagation [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] . However, these waveguides are poorly coupled to the background media and SCs are wavelength-scaled structures that can become extremely bulky at low frequencies. The foregoing limitations underscore the importance of identifying alternative strategies for robust wave guiding. Additionally, while a majority of previous studies have focused on bulk acoustic waves, the present study addresses another important form of acoustic waves, i.e., spoof surface acoustic waves (SSAWs), though the theory outlined in this paper is generic to acoustic and electromagnetic waves. To the best of our knowledge, backscattering-immune one-way propagation of SSAWs has not been experimentally observed before. This paper provides a rigorous analysis and demonstration using extremely anisotropic (EA-) AMMs for backscattering-immune one-way propagation of SSAWs.
AMMs are rationally designed materials composed of periodic subwavelength unit cells that can be used to manipulate sound waves in unprecedented ways [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] . Many promising applications, such as subwavelength imaging [29] [30] and acoustic cloaking 31 have been demonstrated. EA-AMMs with large values of positive mass densities have been studied in recent years [32] [33] [34] , and they are best known for their flat equal-frequency contours (EFCs). On the other hand, SSAWs, hosted by various artificial structures, such as one-dimensional (1D) corrugated rigid interfaces [35] [36] [37] [38] [39] and 2D corrugated surfaces/SCs [40] [41] [42] [43] [44] [45] , have gained attention in the acoustics community. Compared with conventional surface acoustic waves, which stem from the coupling between longitudinal and transverse waves in solids, SSAWs are guided along the interface between the background fluid medium (e.g., air) and a corrugated perfect rigid body (PRB), and that contributes to their unique applications in lab-on-a-chip devices, energy trapping, and sound focusing. An additional benefit of SSAWs is that they provide a fertile ground for investigating a myriad of wave phenomena since they hold a crucial advantage over bulk acoustic waves; the entire SSAW wave field can be "noninvasively" measured at a plane slightly above the PRB surface, providing a full metamaterial-acoustic interaction map.
In this study, we first examined a unique class of 2D EA-AMMs for guiding bulk acoustic waves. The homogenization theory was employed to analyze the acoustic characteristics derived from the strong density anisotropy. Several interesting features of these EA-AMMs were discovered through theoretical and numerical investigations.
For instance, we discovered that the propagation route in this type of EA-AMM is independent of the angle of incidence, and unlike acoustic topological insulators or SCs hosting valley hall states, these materials can be efficiently coupled with the background media under a wide range of incident angles, beam widths, ad source locations. More importantly, the exact condition for backscattering-immune propagation in a zigzag path with sharp corners was rigorously established. The generality of the theory further enables us to implement the concept on a small size EA-AMM for SSAWs, where the entire wave field of interest is experimentally "mapped" and compared with the theory and simulation. All results unambiguously demonstrate robust wave guiding around sharp corners, without relying on the recently emerging paradigm of topological edge state. , , 
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where α i (i = 1, 2, 3) are the angles of rotation of the local coordinate system relative to the global coordinate system (marked in Fig. 1a ). It will be later shown that these three angles must be identical in magnitude to ensure backscattering-immune sound propagation. Here, we define that, when the coordinate system (X i , Y i ) rotates anticlockwise, the angle of rotation α i is positive; otherwise it is negative. With this model, the dispersion relation can be obtained and further utilized to derive the group velocity of the metamaterial in different regions (Supplementary Section 1), that is,
It is evident that in such an AMM with Y    , the group velocity depends only on the angles of rotation α i , and is independent of the angle of incidence . It should be noted that the group velocity ( )
specifies the direction of energy flow for the wave, and is not necessarily parallel to the wave vector k  (or the phase velocity) of the metamaterial 47 . Therefore, the direction of the energy flow can be predetermined by choosing the desired α i .
Furthermore, the reflection coefficient '
ii r and transmission coefficient '
where Next, we investigated the coupling between the background medium and the EA-AMM shown in Fig. 1a . The pressure reflectivity R and transmissivity T at the interface between air and the EA-AMM can be calculated by a transfer matrix method as follows (see Supplementary Section 3 for details)
where
and x = x 3 -x 0 . Here the reflectivity R and transmissivity T for α i = -α i' can be shown to be identical to that of α i = α i' (straight waveguides). Figure 1c gives the simulated transmissivity for α 1 = -α 2 = α 3 = 45  and α 1 = α 2 = α 3 = 45  , which are in accordance with the theoretical analysis using Eq. 8. This suggests, once again, that the sharp corners of a specifically designed path bear virtually no influence on the sound reflectivity and transmissivity. Figure 1c also reveals that the EA-AMM can be excellently impedance-matched to the background medium for a wide range of angles of incidence (roughly -70
This is in stark contrast with acoustic topological insulators and valley hall SCs, both of which require a specific angle of incidence in order to achieve momentum matching and efficient acoustic coupling. Hz, under normal and -45  incidence, respectively. The white arrows indicate the direction of energy flow, which is dictated by the angle of rotation only, as predicted by the theory. Diffraction is strongly suppressed in the metamaterial, as expected, due to the flat EFC derived from the strong density anisotropy 32 . Noteworthy is that the acoustic field shown in Fig. 2b mimics that of the negative refraction, which can be otherwise achieved by negative-index metamaterials, hyperbolic metamaterials, ParityTime symmetric metasurfaces 48 or Weyl phononic crystals 49 . No appreciable backscattering is observed when sharp corners are present. It is important to point out that, the zigzag one-way propagation of sound in this EA-AMM is independent of the location where the wave impinges upon, since the EA-AMM is treated as a homogeneous medium. On the contrary, the edge state in acoustic topological insulators and valley hall SCs must be excited by a wave reaching the entrance of the waveguide created by the interface between two topologically distinct SCs. One implication of this is that a wide beam impinging upon a topologically protected waveguide will be largely reflected due to impedance mismatch. Finally, the phase velocities in neighboring regions are visually different for the oblique incidence case (Fig. 2b) and are identical for the normal incidence (Fig. 2a) , confirming the earlier theoretical prediction. For the case  = 0  or 180  , the two periodic corrugated structures line up and the sample is reduced to a 1D textured PRB [35] [36] [37] [38] [39] . When  = 90  , the two lattice vectors are orthogonal and the overhead view of the sample manifests as a rectangle (or a square 
where k t,i and k o,i are the propagating and operating wavenumbers, respectively. Figure   3c gives the dispersion curves. The corresponding cutoff frequencies can be readily (shown in Fig. 3b) . Thus, the corresponding FBZ of the PSs with α  ±45  is the overlapped area of two different wave vectors with different ranges and directions, i.e., Remarkably, collimation in a backscattering-immune zigzag path can be observed with the SPS, which is illustrated in Figs. 5b, d , f and h, respectively, for simulations and measurements. Such a phenomenon can be explained as follows: first, the extreme anisotropy of the textured surface engenders collimation of SSAWs so that the energy is strongly confined and travels along the predetermined path. Second, the judiciously designed angles of rotation ensure that the backscattering at the corners can be perfectly suppressed, as predicted by the theory established by this work. To further prove that there is no backscattering at the sharp corners, Figure 6 compares the transmitted sound energy between the HPS (no bending) and SPS (with bending). Notice that the two waveguides have the identical length and virtually the same sound transmission can be seen in Fig.6 even though the SPS contains sharp corners. One important observation is that the size of the wave-guiding EA-AMM is very small relative to the wavelength in free air; for example, the width of the EA-AMM l H2 /l S2 is merely 3.4 wavelengths at 6150 Hz. This again can be compared with acoustic topological insulators that typically have a width on the order of 10 wavelengths 14, 17 . Additional simulations show that l S2
can be reduced by more than a half (l S2 =1.6 wavelength) and the resulting EA-AMM would still yield excellent performance (Supplementary Section 7) . Therefore, the is that the bending angles at the corners have to be identical. This is, however, only a limitation for the SSAW AMM design, and does not apply to the effective medium and bulk acoustic wave AMMs (Supplementary Section 8) . Finally, the theory established in this work is generic and can be extended to electromagnetic waves (Supplementary Section 9). Our proposed method could be useful for many applications such as delay line design, noise control, acoustic cloaking, and on-chip wave manipulation.
